Primary ciliary dyskinesia is a genetic disease of ciliary function leading to chronic upper and lower respiratory tract symptoms. The diagnosis is frequently overlooked because the symptoms are nonspecific and the knowledge about the disease in the primary care setting is poor. Additionally, none of the available tests is accurate enough to be used in isolation. These tests are expensive, and need sophisticated equipment and expertise to analyse and interpret results; diagnosis is therefore only available at highly specialised centres. The diagnosis is particularly challenging in countries with limited resources due to the lack of such costly equipment and expertise.
Introduction
Primary ciliary dyskinesia (PCD) is a genetic disease that causes abnormalities in ciliary function leading to impaired mucociliary clearance. The clinical features usually start with neonatal respiratory distress despite term gestation, with early-onset persistent rhinosinusitis, serous otitis media with hearing impairment and persistent daily wet cough [1, 2] . Laterality disorders (e.g. situs inversus) occur in about 50% of cases [3] . Approximately 50% of males with PCD are believed to be infertile due to dyskinetic sperm [4] . However, there is little evidence of the rates of female infertility or ectopic pregnancy risk.
PCD is rare, with an estimated prevalence of one in 10-40 000 [5] . This is likely to be an underestimate since PCD is often underdiagnosed due to poor knowledge of the disease, the lack of diagnostic facilities and the fact that symptoms are commonly mistaken for common respiratory infections in otherwise healthy children. Indeed, diagnosed cases of PCD have previously been reported to cluster around specialist centres [6] . In a European survey, the median age at diagnosis was 5.3 years and late diagnosis strongly correlated with general government expenditures on health [5] . The predominant mode of inheritance is autosomal recessive, which makes it more common in populations with high rates of consanguineous marriages [7, 8] . For example, a significantly higher prevalence (one in 2265) has been reported in a British Asian population where consanguineous marriages are common [8] . It is likely that PCD is even more underdiagnosed and diagnosed later in countries with limited resources.
In addition to the factors above, the social stigma that accompanies the diagnosis of a chronic illness or a genetic disease in some communities is a barrier to engagement with health professionals. Chronic productive cough maybe considered socially unacceptable and from the authors' experience, some patients, especially young females, attempt to hide their symptoms and suppress their cough. Associations with infertility add to the stigma.
The diagnosis of PCD remains challenging since none of the available tests can be used as a stand-alone test, and all require expensive equipment and highly trained technical staff. Although an international consensus statement [9] provides guidance on which tests to conduct, there is no standardised algorithm for what constitutes a diagnosis, and no international standards for conduct and report of the tests. Most specialised centres follow "local" diagnostic algorithms, which differ in the combination of five tests (nasal nitric oxide (nNO), high-speed video microscopy (HSVM), transmission electron microscopy (TEM), immunofluorescence (IF) and genetics) [10] . For example, in the UK, diagnosis is based on consistent clinical history plus at least two abnormal tests (TEM, HSVM and low nNO; repeating nNO and HSVM if TEM is normal) [11] whilst in North America, genetic testing is more prominent [12, 13] and in some centres, HSVM is only suggested as a research tool [14] .
The aim of this review is to briefly discuss the diagnostic tests available in specialised centres. We then consider modifications that might be utilised in less resourced countries at a cheaper cost whilst maintaining acceptable accuracy for PCD diagnosis.
Why is an accurate diagnosis necessary?
Early and accurate diagnosis of PCD is crucial because manifestations start early [15] . Impaired lung function [16] and radiological evidence of bronchiectasis can already be evident in infancy [17] . Although there has been a perception that PCD has a good prognosis with a normal life expectancy [18, 19] , this may not always be the case because PCD is progressive and can lead to respiratory failure, and need for lobectomy [20, 21] or lung transplantation [22, 23] . Progressive decline in lung function occurs [20, 24, 25] but appropriate treatments, if instituted early, may help to stabilise lung function [26] . Appropriate early management may reduce recurrent infections, lung damage and progression of bronchiectasis, which is almost inevitable by adulthood [20] .
PCD can also cause significant growth impairment during childhood, and it is likely that careful monitoring and intervention will improve growth and general health [27, 28] . Failure to correctly diagnose patients may lead to unnecessary ear, nose and throat (ENT) surgeries, since management of serous otitis media and rhinosinusitis differs from other causes. In PCD, conservative management is often advocated, since hearing impairment resolves spontaneously over time [29, 30] . Early use of hearing aids is therefore the preferred management in many countries, although there is no high-quality evidence for this.
There is evidence in cystic fibrosis (CF) that early diagnosis decreases extensive, costly and unnecessary diagnostic and therapeutic interventions [31] , and this is likely to be true for PCD. In addition, accurate diagnosis is a prerequisite to participating in international registries, research and clinical trials. PCD is clinically prevalent in countries where diagnostic testing is not readily available, e.g. Palestine. Inclusion of patients from these countries in research would have positive consequences for patients and other stakeholders not only from these regions but globally. It is important for consanguineous populations to receive appropriate genetic counselling based on a correct diagnosis and screening of siblings of a confirmed patient. unexplained neonatal respiratory distress, especially if accompanied by atelectasis or rhinitis [15] . Not all children with situs inversus will have PCD but it is recommended to test them if nasal or respiratory symptoms are present [11, 32] . Diagnostic testing should be considered in all children with bronchiectasis if no other cause is found. In fact, it is suggested that if you are considering testing for CF also consider PCD [10] . Paediatricians need a high index of suspicion, should consider referring all infants and older children with chronic wet cough that "does not seem to go away", and should investigate if this is associated with persistent rhinitis or serous otitis media; all these symptoms could be easily overlooked especially in a busy general paediatric or ENT clinic. Siblings of known cases should all be referred particularly if there are daily upper or lower respiratory tract symptoms.
PCD should be considered in any patient with laterality defects accompanied by respiratory symptoms. It is important for clinicians treating patients with heterotaxy and complex heart disease (e.g. atrial isomerism or transposition of the great arteries) to avoid blaming the cardiac anomaly for a "wet chest" until PCD has been excluded. Males with immotile sperm should be considered for testing if there are other features [9] .
Symptoms of PCD are nonspecific and the above indications remain general. PICADAR is a recent validated predictive tool based on clinical characteristics that can help identify appropriate patients to refer for further testing [1] . The score is based on seven simple questions relating to clinical history providing the probability of a positive diagnosis. The score was developed and then externally validated in specialist PCD referral centres in UK, demonstrating good sensitivity and specificity. The score now needs validating and perhaps modifying for use in different populations and settings; in particular, we need to establish the negative and positive predictive values in different settings [33] . It could potentially be very effective for identifying and excluding patients for full testing, particularly if combined with nNO analysis. In resource-limited countries, PICADAR could potentially guide physicians to determine the probability of having PCD, in order not to overwhelm diagnostic resources, especially if they have to be sent to other specialised centres [1] .
What are the tests for PCD?

Screening tests Saccharine test
The saccharine test was historically used as a screening test [18] . However, it is technically difficult to perform and is impossible in young children. It is therefore no longer used as a screening test [9] .
Nasal nitric oxide nNO is the screening test of choice [9, 34, 35] . NO is produced throughout the airways but is more abundant in the paranasal sinuses [36, 37] . It is low in patients with PCD (10-15% of normal values) [38] but this is not diagnostic since low levels have been reported in other conditions [9, 34, 39] . Rarely, normal or high nNO has been reported in patients with PCD [40, 41] . Therefore, nNO is only appropriate as an adjunct to definitive tests. nNO should not be used for general population screening and should only be used in patients with relevant symptoms to avoid excessive false-positive results [42] .
American Thoracic Society/European Respiratory Society (ERS) guidelines [43] recommend sampling by aspiration of air from one nostril through a catheter connected to a stationary chemiluminescence NO analyser as the "gold standard". To limit contamination with lower airway gases, velum closure should be achieved, for example, by oral exhalation against resistance. The nNO level is considered technically accurate when a real-time display of NO confirms a plateau of at least 3 s [43] .
Many details to ensure standardisation of nNO testing and reporting are lacking. There is limited evidence to guide measurement in infants and preschool children, and no age-related cut-off values, although ideally, this is the targeted age for early diagnosis. In a study from North America, the procedure of nNO measurement was standardised and applied in seven centres. They defined a cut-off of 77 nL·min −1 , which had a sensitivity of 98% and specificity of 99.9% [44] . An ERS task force recommended that centres should generate their own reference values due to the variable analysers and methods used at different centres [9].
Countries with limited resources face many challenges. Firstly, the high cost of the gold standard chemiluminescence analysers and consumables, and the need for trained physiologists to take measurements make this test unattainable. Chemiluminescence nNO analysers are not usually available in nonspecialist centres and are not easily transportable. In some countries, alternative and cheaper portable analysers using electrochemical detection are in use [45] [46] [47] [48] with small studies reporting 100% sensitivity for nNO detection of PCD [45, 47] . Limitations of these analysers include the inability to show the data in real time so that the operator cannot ensure a plateau has been achieved. Additionally, these analysers usually require a longer breath-hold time than chemiluminescence devices [45] . However, considering the cost, they provide an alternative option for resource-limited centres. In addition, being portable makes electrochemical devices easier to use in "outreach clinics", enabling physicians to screen patients who are geographically distant and have difficult access to big centres (table 1) .
Diagnostic tests
High-speed video microscopy Ciliary function assessed by ciliary beat pattern (CBP) and ciliary beat frequency (CBF) has the potential to identify almost all cases of PCD. High-resolution HSVM analysis can quantify CBF and allow assessment of CBP [49, 50] .
HSVM [51] requires expensive equipment and microscopists with extensive experience of normal and abnormal ciliary function, including more subtle beat pattern abnormalities [52] . There is no global consensus for standardisation of equipment, sampling, processing, or analysis conditions such as temperature, medium, resolution (optical and digital magnification) or video recording and analysis rates in frames per second (fps) [53, 54] . The three English PCD diagnostic centres use shared protocols, discuss difficult cases and perform regular cross-auditing of data [10] , and similar approaches could be adopted between countries. CBP analysis by experienced microscopists remains a subjective qualitative method with potential for observer bias [11] . In an attempt to overcome the subjectivity, several groups have developed software to automate analysis [55] [56] [57] . There are cases where HSVM is not able to differentiate genetic causes from secondary dyskinesia; for example, patients with MCIDAS and CCNO mutations [58, 59] have reduced generation of motile cilia, which is difficult to distinguish from the deciliation commonly associated with bacterial or viral infections.
Obtaining ciliated nasal epithelial cells using a brush or curette is quick and simple, causing only minor discomfort [11] . Live cilia are digitally imaged using high-magnification objectives coupled to a high-resolution, high-speed digital video camera. Images are recorded at a high frame rate (e.g. 500 fps) to provide enough frames per ciliary stroke for accurate CBF analysis and CBP assessment. The high-speed videos are replayed in slow motion (e.g. 30 fps) to review the ciliary movement [50, 51] . CBF is dependent on temperature. For example, at 37°C, normal cilia beat at 15.4 Hz (SD 2.3, n=554) [51] . If cilia beating at 15 Hz are recorded at 500 fps, 33 frames will capture each ciliary stroke, allowing appropriately detailed analysis (CBF=recording frame rate/average number of frames for 10 ciliary beats×10) [60] . In comparison, a "standard" video camera capable of low light sensitivity and high pixel resolution with a hypothetical recording rate of 30 fps would only provide two frames per ciliary stroke (15 Hz), which would be inappropriate for analysis.
In resource-limited countries, purchasing expensive specialist equipment may be difficult. In addition, the test requires experience to identify not only the immotile/static cilia but also subtle changes that might be difficult to differentiate from secondary dyskinesia. Abnormalities in CBP and CBF can be secondary to infections, inflammation, allergies and pollutants. Damaged or disrupted epithelium during sample collection can cause slower and dyskinetic cilia [61] . Training and support from an established specialist centre is essential before implementing HSVM.
Options in resource-limited countries
The CBF is physiologically reduced at lower temperatures, reportedly with little or no effect on CBP in healthy samples, providing a potential approach for analysis of CBP without the need for expensive HSVM [62] . SMITH et al. [62] described a method of a Peltier cooling system by flow of cooled air into the sample chamber. They assessed healthy ciliary function after sample cooling, and demonstrated a sigmoidal relationship between CBF and temperature (CBF decreased between 37°C and 2°C), and no significant difference in the dyskinesia score, suggesting that normal ciliary function was maintained. However, JACKSON et al. [63] reported improvement in the beat pattern of a single PCD patient when cooled from 37°C to room temperature and suggested that ciliary function analysis below 37°C may miss occasional cases.
SANTAMARIA et al. [64] made direct observation of ciliary motility using standard light microscopy (LM) and results were compared to TEM. They found this method was not reliable for PCD diagnosis, with only 83% agreement between LM and TEM, but given the somewhat reasonable sensitivity of 92% and specificity of 80%, it could be considered in less-resourced centres where cases would otherwise be undiagnosed.
Centres that use any of the above methods should be aware of their limitations. Visualisation of immotile cilia or obviously abnormal pattern by these methods might be indicative of PCD when combined with a typical clinical picture, but it may not be possible to discern the more subtle ciliary function abnormalities in PCD reported in the literature [52] .
Transmission electron microscopy TEM showing "hallmark" defects in ciliary ultrastructure was previously considered the gold-standard test but a number of publications have demonstrated that ciliary ultrastructure is normal ( figure 1a ) in approximately 20% of patients with PCD [51, [65] [66] [67] .
The process of preparing ciliated epithelial cells for testing by TEM is lengthy. Samples are immersed immediately after collection in 3% glutaraldehyde fixative and processed to resin blocks. Ultrathin sections are cut, placed on copper grids and stained with heavy metals to enhance contrast. Cilia are observed at high magnification (>60 000×) in transverse and longitudinal section, and the number of defects in microtubular arrangement and the dynein arms are counted. There is no global consensus to standardise the analysis of the cilia. In the UK, quantitative analysis of 100-300 cilia is usual [51, 67] , while others analyse at least 30 ciliary cross-sections containing >60 high-quality cilia images [12] .
The hallmark ultrastructural defects in PCD include the absence of outer dynein arms (ODAs) (figure 1b), combined absence of inner dynein arms (IDAs) and ODAs (figure 1c), and IDA absence combined with microtubular disarrangement ( figure 1d ). Other abnormalities, such as isolated IDA defects and central microtubule defects, are controversial since they are also associated with secondary damage to the ciliary ultrastructure [67] . Defects in radial spoke head proteins (RSPH1, RSPH3, RSPH4A and RSPH9), nexin proteins (GAS8) and the central apparatus protein hydin are frequently reported with normal ultrastructure [68] , although subtle abnormalities might be detected. Moreover, it is sometimes difficult to determine the presence or absence of dynein arms in transverse sections since they are intermittent structures repeated at intervals along the length of ciliary axoneme. IDAs are particularly difficult to visualise because they occur less frequently along the axoneme and defects can be secondary; some IDA defects seen in unhealthy samples have not persisted on repeat testing [69] .
Electron microscopic tomography [70] and cryo-electron tomography [68] may identify some of the defects not resolved by conventional TEM but are extremely specialised and not widely available.
Many challenges make TEM difficult for resource-limited countries. The electron microscope is very expensive, the process is time consuming and the reagents may be difficult to obtain or import. TEM requires appropriate sample fixation and is technically capricious, requiring staff with experience of abnormalities associated with primary and secondary defects [71] . Even for developed countries, TEM is limited if samples are inadequate due to poor health, yield or fixation, demonstrating the need for appropriate patient referral, good sampling technique and knowledge of processing.
Options in resource-limited countries TEM should only be done by highly specialised PCD diagnostic centres with expertise to distinguish between primary and secondary defects. Centres where TEM is not available should consider collaborating with a PCD service with electron microscopy capacity. An advantage of TEM is that samples in fixative or resin blocks may be sent by land or air mail to specialist centres.
Immunofluorescence
Labelling of ciliary proteins using IF-linked antibodies was developed to understand the downstream effects of genetic mutations in patients with PCD. The potential to use IF diagnostically is attractive and a number of centres are exploring its role as a clinical investigation. Absence or mislocalisation of protein labelling can be indicative of PCD (e.g. ODA protein DNAH5 is mislocalised in PCD-positive patients with ODA defects by TEM) [72, 73] . Radial spoke head protein mutations are associated with subtle abnormalities or normal ultrastructure when observed by TEM, whilst absence of protein can be confirmed by IF [52] . IF may hold further advantages: IDAs that are difficult to observe by TEM are clearly identifiable by IF; and turnaround time for processing and analysis is more rapid than TEM.
IF is used to localise proteins along the ciliary axoneme. Ciliated cells in suspension are dropped onto glass slides and air-dried before incubation with antibodies to the proteins of interest (e.g. DNAH5 to identify ODAs) [72] . The slides are then viewed under confocal or fluorescent microscopes to determine the presence or absence of the proteins (figure 2).
Options in resource-limited countries IF is promising for countries with limited resources because, once validated as a diagnostic test, it could provide a less expensive method for determining ciliary protein defects when TEM is not available or limited. 
Genetics
The challenge for using genetics as a diagnostic test is that PCD is genetically heterogeneous, with >30 genes able to identify approximately 60% of cases [12] . Furthermore, most of the mutations are isolated. Gene discovery projects are underway to increase the numbers of genes and mutations able to contribute to genetic testing, which will improve sensitivity.
Genetic mutations are usually associated with specific ultrastructural defects; for example, DNAH5 mutations [73] and DNAI1 mutations [74] are causes of ODA defects; CCDC40 and CCDC39 mutations cause axonemal disorganisation and absent inner arms [75] ; while HYDIN mutants appear to have normal ultrastructure by standard TEM though defects of the central apparatus may be evident by detailed tomography [76] . Newer genetic techniques (e.g. next-generation sequencing) hold promise for identification of new genes [10] .
Genetic testing may, in the future, be a way to screen newborns suspected of PCD to improve diagnosis, or to inform PCD patients or relatives with PCD carrier status to provide informed counselling for family planning.
Despite PCD genetics, it is believed that functional tests will remain necessary in the diagnostic pathway, similar to the need for functional sweat chloride testing in CF, which has remained the primary gold-standard diagnostic test despite the well characterised CF genetics [77] .
Options in resource-limited countries
Centres with limited resources could consider participating in international collaborations for genetic research. This will increase the chances of gene discovery since it will include DNA from more diverse populations.
In the future, if population-specific genes are found, centres could potentially develop their own diagnostic kits based on the most common mutations in their population.
Summary
Countries with limited resources are challenged in their diagnosis of PCD due to a lack of confirmatory tests. In such cases, cost-effective alternatives should be considered. Neonatologists, paediatricians and ENT specialists should keep a high index of suspicion for patients. Features that might increase suspicion of PCD include offspring from consanguineous families, with recurrent upper and lower respiratory symptoms since birth, with dextrocardia or situs inversus, or with a positive family history of PCD. However, many patients have normal situs, no family history and are from nonconsanguineous backgrounds. PICADAR is a score based on clinical characteristics, which might help identify appropriate patients for further testing [1] . In countries with no diagnostic testing, PICADAR could potentially be used to estimate the diagnostic likelihood of patients, but the score needs validation in different settings and populations. Portable nNO analysers can be used as an alternative to expensive chemiluminescent analysers, which are usually available only in specialist centres. Evaluation of CBP using basic equipment might be informative if cilia are immotile or have an obviously abnormal pattern in the context of a classical history, but subtle pattern abnormalities can be easily missed. Therefore, in difficult cases, a PCD diagnosis should not be dismissed, and repeat testing and consultation with specialist centres should be performed. In the absence of TEM, diagnostic IF may be helpful in excluding PCD when normal protein labelling is detected. However, this is dependent on the inclusion of a panel of antibodies; otherwise, some cases may be missed. There are currently several international networks and collaborations that aim to improve our understanding of this disease, and develop standardised protocols for diagnosis and management, and initiatives to widen the accessibility of diagnostic tests to include countries with limited resources.
